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We have unveiled coherent multiphoton interferences originating from different quantum paths 
taken by the Auger electron induced by a high-intensity x-ray/XUV pulse under the presence of a 
strong optical field. These interferences give rise to a clear signature in the angle-resolved Auger 
electron spectrum: an asymmetry with respect to the energy of the Auger decay channel. In order 
to illustrate this effect we have considered the resonant Anger decay of the transition 2p^ ls“^2p® 

in Ne”*". The simulations show that these interferences are very sensitive to the parameters of the 
x-ray and optical fields. 


I. INTRODUCTION 

Free-electron lasers (FELs) can achieve very high in¬ 
tensities (more than 10^^ W/cm^), an important fea¬ 
ture to produce nonlinear processes in the x-ray/XUV 
regime [1]. The nonlinearity may arise from perturba¬ 
tive sequential absorption m, perturbative nonsequen¬ 
tial multiphoton interaction HHZl, or nonpertubative in¬ 
teraction [811T4]. Self-seeding and optical-laser-seeding 
methods are being developed at FELs that produce x- 
ray/XUV pulses with high temporal coherence [TSl I16j . 
The combination of high intensity and high coherence 
enables population control via Rabi oscillations. 

Also, the combination of x-ray/XUV light with strong 
optical fields (10^°-10^®W/cm^) introduces a new degree 
of controllability exceptionally beneficial for pump-probe 
experiments [IIHIS], optical control of x-ray absorption 
nnun], and x-ray pulse characterization |22j . In these 
experiments inner-shell holes are created and the Auger 
decay that follows provides an ultrafast internal probe of 
the electron dynamics. However, the Auger electron is 
streaked by the optical field during the electron emission 
and a proper understanding of the light-matter interac¬ 
tion is needed to analyze the spectrum. In particular, 
when the Auger electron emission occurs during a signif¬ 
icant change of the optical vector potential, the electron 
wavepacket interferences give rise to a multipeak struc¬ 
ture in the spectrum; the so-called sidebands 
The sidebands are related to the above-threshold ion¬ 
ization (ATI) phenomenon |3D], and analogously to ATI, 
every sideband-peak is separated by an optical photon 
energy. Sidebands were identified as essential features in 
recent work |31] in which we studied resonant Auger pro¬ 
cesses under strong optical fields that couple core-excited 
states. Resonant Auger processes are especially interest¬ 
ing as site-specific excitations [321 - 134] . However, none of 
the previous works considered x-rays intense enough to 
observe nonlinear effects in the sidebands of the Auger 
electron spectrum. 

In the present work we describe a general effect that 
can be observed in the Auger electron spectrum when 
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a high-intensity x-ray/XUV pulse is used to resonantly 
excite an inner-shell or core-shell electron under the pres¬ 
ence of a strong optical field. This effect can be explained 
from the energy domain picture or from the time domain 
picture. From the energy domain picture, the nonlin¬ 
ear effects induced by the intense x-ray/XUV pulse yield 
an overlapping between consecutive sideband-peaks. The 
overlapping can be understood as the interferences of dif¬ 
ferent quantum paths taken by the Auger electron. Be¬ 
cause of the phases between the consecutive sideband- 
peaks, their interferences can produce asymmetries with 
respect to the energy and angle of Auger electron emis¬ 
sion. From the time domain picture, the high-intensity 
and coherent x rays control the inner- or core-shell state 
dynamics and therefore control when Auger decay oc¬ 
curs. In particular, allowing Auger decay only during 
the maxima of the optical vector potential, we observe 
a strong optical streaking that explains the above men¬ 
tioned asymmetries in the Auger electron spectrum. 

In order to demonstrate and explain this effect, we have 
considered the resonant Auger decay of the transition 
2p® e-)-ls“^2p® in Ne'*'. Our simulations show that these 
interferences are very sensitive to the x-ray and optical 
parameters due to the intrinsic coherence of the whole 
process. 

II. THEORETICAL MODEL 

The novel phenomenon presented in this work can be 
extended to any inner-shell or core-excited state interact¬ 
ing with a high-intensity x-ray/XUV pulse, but in order 
to show some realistic parameters we will present a model 
for neon, in particular the 2p^ ls~^2p^ transition in 

Ne’*'. Intense x-ray effects on the resonant Auger electron 
lineshape of this transition have been studied experimen¬ 
tally and theoretically puni, and the resonance fluores¬ 
cence spectrum has been calculated as a two-level system 
[14] . Unlike Ref. (TO], we do not consider the decoher¬ 
ence introduced in the system by using the x rays to both 
ionize the Ne 2p electron and induce the 2p^ ^ ls~^2p^ 
transition in Ne"*". For simplicity, we assume that the ini¬ 
tial state is the ground state of Ne'*'. In our theoretical 
model for Ne"*", see appendices for a detailed description, 
the X rays couple resonantly the ion ground state (|0)) 
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with the Rydberg core-excited state Is ^ (|1)), see Fig. 
Ha). The intensity of the x rays is strong enough to 
induce Rabi oscillations between the core-excited state 
and the ground state. Although the Rabi cycling is the 
main dynamics induced by the x rays, we include the 
possibility of ionizing an electron from both the ground 
and the core-excited state. The core-excited state has 
a finite lifetime of 2.4 fs and it will decay and emit an 
Auger electron during the Rabi cycling. Since our sys¬ 
tem is exposed to a strong optical field, we account for 
the fact that the continuum of the Auger decay is dressed 
by the optical field. This dressed continuum gives rise to 
a multipeak structure in the Auger electron spectrum, 
the sidebands [m EUg ED. In our previous study 
m, we considered the continuum states of the Auger 
electron and the optically-induced continuum-continuum 
transitions responsible for sidebands. The core-excited 
state may undergo resonant Auger decay into the states 
|va,z), where i represents the state of the final ion left 
after the decay with an Auger electron whose velocity 
is Vq. We derive the equations of motion (EOM) in the 
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FIG. 1. (Color online) (a) Sketch of the physical scenario that 
we consider with the Rabi frequency of the 2p® 
transition and lol the optical laser frequency, (b) Angle- 
integrated Auger electron spectrum of the resonant transition 
2p®-f-?-ls”^2p® decaying to the final ion 2s“^(^S) for two dif¬ 
ferent intensities of the x rays: 2.4x 10^® W/cm^ and 1.4x 10^® 
W/cm^. (c) Same as (b) with the intensity of the x rays be¬ 
ing 1.4 X 10^® W/cm^, but now the continuum is dressed by 
a strong optical field (wavelength 800 nm and intensity 10^^ 
W/cm^). The continuous (blue) line is the angle-integrated 
Auger electron spectrum. The dash (black) line is the Auger 
electron spectrum in the direction 6 = 0 (parallel to the po¬ 
larizations of the X rays and the optical field). 


dipole and Markov approximations (or Wigner-Weisskopf 
theory) [27l 1^ l36] 


ido(t) — EQao{t) -h fJ,oi£x{t)o.i{t) , 

Pi 

idi(t) = [El - i—]ai{t) -h Hio£xit)ao{t) , 
i&i(Vo,f) = E,{-v^)bi{Va,t) -b7*.i(va)ai(0 
+ Jd^a M*.i(va;v;.)eL(t)6,(v(^,t) , (1) 

where ao{t), ai{t), and bi{va,t) represent the amplitudes 
of the ion ground state, the core-excited state ls“^2p®, 
and the final ionic state i with the Auger electron respec¬ 
tively. Note that atomic units are used throughout. We 
assume Gaussian pulses for the x rays and a trapezoidal 
pulse shape for the optical field, see appendix]^ The en¬ 
ergies of the ground and core-excited states are given by 
Afc, and for continuum states by Ei{va) = v^/2 -|- E^, 
where v^/2 is the Auger electron kinetic energy and E^ 
is the hnal ion energy. The dipole moment from state a 
to b is Hba- The total decay T^ accounts for the decay of 
the core-excited states due to non-radiative (e.g. Auger) 
and radiative processes as well as of the ionization pro¬ 
cesses by the optical laser and the x rays [3lll37l|38]. At 
10^^ W/cm^, the optical field is intense enough to dress 
the continuum but does not ionize the system. The tran¬ 
sition matrix elements 7i,fe(va) = (v^,i|I4e|fc), Vee being 
the electron-electron Coulomb interaction [27] , do not de¬ 
pend on time, and within the Wigner-Weisskopf and the 
dipole approximations we can derive (see more details in 
Ref. |3l]) 


7*.fe(Va) = , \ -b^f^P2(cos6») , (2) 

y/(47r|va|) V 27r 

up to a phase where T-^^ is the partial rate of the 
core-excited state k decaying into the final ion i, is the 
velocity satisfying the energy conservation v^/2 -|- E^ = 
Ek, where 6 is the angle between the x-ray polariza- 

(k') 

tion axis e^, and the velocity direction Vq. Pi ’ is the 
anisotropy parameter that defines the angular distribu¬ 
tion of the Auger electron emission and P2{cos9) is the 
second Legendre polynomial. 

The core-excited state ls“^2p® has a large number of 
Auger decay channels |39l ED] and we only include in our 
model the channel with 2s“^(^S) as the final ion state. 
We focus on this decay since it is well separated in the 
Auger electron spectrum from the other channels and, 
thus, it allows us to clearly discern the sidebands. The 
partial width is obtained from experiments jSSJHDj. Since 
the core-excited state, ls“^2p®, is not aligned, the Auger 
angular distribution is isotropic (/3,-^^= 0) |4T1|42|- See 
appendix [A] for more details about the physical system. 

Fig. [ip)) shows the angle-integrated Auger elec¬ 
tron spectrum obtained with a peak x-ray intensity of 
2.4 X 10^® W/cm^ and no optical laser field. The x 






























3 


rays are linearly polarized with photon energy of 848 eV, 
which is in resonance with the transition 2p^ o 
With this x-ray intensity we can transfer almost all the 
population from the ion ground state to the core-excited 
state, but it is not intense enough to produce Rabi os¬ 
cillations between these two states. However, by increas¬ 
ing the peak intensity to 1.4 x 10^® W/cm^, we induce 
one and a half Rabi cycles (a Stt pulse for which the 
ion ground state is completely depleted, populated again, 
and completely depleted again) that modifies the Auger 
electron spectrum as studied in Ref. [5]. Now, instead 
of having a single peak, we can clearly see the appear¬ 
ance of a twin-peak structure, as shown in Fig. 0b)- 
This twin-peak structure is a result of the nonlinearity 
of the x-ray interaction via Rabi cycling. The magni¬ 
tude of the energy-level splitting between the two peaks 
is related to the AC Stark shift induced by the x rays 
in the core-excited state, as sketched in Fig. [^a), but it 
is not exactly equal to the Rabi frequency fix = /ioi^ox- 
In particular, calculation of the magnitude of the energy- 
level splitting between the two peaks is more complicated 
and depends on more factors such as the decay of the 
core-excited state and the pulse shape of the x rays (see 
appendix [C| for detailed discussion). 

If we now subject the ion to a strong optical field with 
a peak intensity of 10^^ W/cm^ in addition to an intense 
x-ray field with a peak intensity of 1.4 x 10^® W/cm^, 
we see that sidebands appear in the Auger spectra, as 
shown in Fig. 0c). The presence of these sidebands is 
a result of the optical laser dressing of the continuum 
of the ion. Note that the twin-peak structure induced 
by the strong x rays is preserved at individual sidebands 
separated by an energy equal to the optical photon en¬ 
ergy. The sidebands have been labelled by the integer 
number n, where n = 0 corresponds to the energy of 
the Auger decay channel (in our case 747.68 eV). The 
envelope of the sidebands presents a strong modulation 
when we calculate the Auger electron spectrum measured 
in the direction parallel to the optical polarization axis, 
dehned as 0°-angle. This modulation is called the gross 
structure of the sidebands [251121]j which is the result 
of an interference between electron wavepackets emitted 
during one period of the optical field. We should remark 
that the multiphoton interferences presented in the next 
section have a different origin than the ones responsible 
for the gross structure. 


III. ORIGIN OF THE MULTIPHOTON 
INTERFERENCES 

The multipeak structure generated by the sidebands 
and the strong x rays, as shown in Fig. 0c), will display 
interference effects due to their coherence, and this is the 
main focus in the present work. By matching the optical 
frequency to the splitting of the Auger line induced by 
the intense x-rays, we can overlap the sidebands-peaks 
(e.g. the twin-peaks of n = 0 with the twin-peaks of 


n = 1) and expect strong interferences. This overlap rep¬ 
resents two possible quantum paths taken by the Auger 
electron; the two paths are from different quasi-energy 
levels induced by the strong x rays and from different 
optical transitions in the continuum due to the absorp¬ 
tion or the emission of one more optical photons. In Fig. 

we show the Auger electron spectra obtained with a 
peak x-ray intensity of 1.4 x 10^® W/cm^. But, in order 
to show the effect of the wavelength of the optical field, 
Al, we examine two cases calculated for Xl = 1300 nm 
and Xl = 1500 nm and compare them to the result for 
Xl = 800 nm, which is shown in Fig. 0c). In these two 
cases the angle-integrated Auger electron spectra display 
a symmetric distribution centered at 747.68 eV, but the 
spectra emitted parallel to the optical polarization axis 
display strong asymmetries. These asymmetries are ev¬ 
idences of the quantum-path interferences. To quantify 
the degree of asymmetry, we use an asymmetry parame¬ 
ter defined as 

A= {na-nb)/{na+nb) , (3) 

where Ua is the probability of having the electron with 
energies above the energy of the Auger decay channel 
(747.68 eV) and Ub is the probability of having the elec¬ 
tron with energies below that. We find that the 0°-angle 
Auger electron spectra for Al = 800 nm, 1300 nm and 
1500 nm have A =-0.02, -0.24 and 0.41, respectively. The 
asymmetry is larger for 1500 nm as it increases the over¬ 
lapping between sidebands of consecutive n, while the 
asymmetry is not appreciable for 800 nm as the overlap¬ 
ping is small. 



Energy (eV) 

FIG. 2. (Color online) The same as Fig. [Rc) but the optical 
wavelength is instead (a) 1300 nm and (t^ 1500 nm. 
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FIG. 3. (Color online) Asymmetry parameter given by Eq. 
(j^ with respect to the time delay between the optical field 
and the x-ray pulse. We use the same parameters as in Fig. 
and only change the time delay of the x-ray pulse with respect 
to the optical field. 


In order to understand the origin of such coherent in¬ 
terferences, we examine an analytical solution of Eqs. 
0 for the case of treating the optical field as a con¬ 
tinuous wave and the x rays as a square pulse (see ap¬ 
pendix]^. The analytical solution obtained for this sim¬ 
ple case allows us to qualitatively understand the asym¬ 
metries shown in Fig. The interferences between the 
n sidebands-peak and its consecutive neighbor peak are 
mainly described by the sum of a Bessel function J„ times 
a function which is defined in Eq. ( |C4| ), specifically 

/„(ri, Wa\,eo.,tf) + 

e*(n+i)^ /„+i(ri, \valeo,,tf). (4) 

This sum depends on several parameters, including the 
duration of the x rays (t/), the peak electric field of the 
X rays (eoa;), the frequency of the optical field (wl), the 
optical vector potential (Aq), the decay rate of the core- 
excited state (Ti), the carrier-envelope phase of the opti¬ 
cal field {(f), and the velocity of the Auger electron (v^). 
This sum then gives rise to the asymmetries observed in 
the Auger electron spectrum. 

Equation Q reveals a unique feature, in which it shows 
that quantum interference can be controlled using the 
carrier-envelope phase of the optical field. We exploit 
this effect of carrier envelope by varying the time delay 
between our Gaussian x-ray pulse and trapezoidal op¬ 
tical pulse. Fig. shows that these asymmetries are 
very sensitive to the time delay between the optical field 
and the x-ray pulse, and the sensitivity is evident for all 
three optical frequencies, 800 nm, 1300 nm and 1500 nm. 
The frequency of the modulation in A is equal to the 
frequency of the optical field. As expected, we observe 
stronger modulation in A for Ai, = 1500 nm and 1300 
nm, while for Xl = 800 nm the asymmetry is small for 
all time delays. 

Although we have limited ourselves giving a physical 
interpretation in the energy domain picture, we can also 
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FIG. 4. (Golor online) (a) Evolution of the core-excited state 
population (ai(t)) for two different x-ray intensities. We have 
used the same x-ray pulse as in Eig. 0b). (b) The same as 
(a) but we compare the evolution of the core-excited state 
population with the optical vector potential with 1500 nm 
wavelength. Eor the case with 1.4 x 10^® W/cm^ intensity, 
we have considered a 0 fs and a 1.5 fs time delay between the 
x-ray pulse and the optical field. 


provide a consistent description of the coherent multipho¬ 
ton interferences in a time domain picture and connect 
the induced asymmetries with the well-known scenario of 
the optical streaking [43]. In optical streaking, the lin¬ 
ear momentum of the emitted electron is shifted by the 
value of the vector potential at the emission time, there¬ 
fore producing an asymmetry. In Fig. 0a) we plot the 
evolution of the core-excited state population (ai(t)) for 
the same x-ray pulse used in Fig. 0b) for two different 
x-ray peak intensities. In the case of the higher intensity 
of 1.4 X 10^® W/cm^, by matching the Rabi oscillation 
frequency to the optical frequency, we can obtain the 
scenario in which the electron population is mainly in 
the core-excited state only during the positive maxima 
of the optical vector potential. As shown in Fig. ib), 
this scenario is realized when we use 0 fs time delay and 
Xl = 1500 nm. In this case we obtain a large asym¬ 
metry of A=0.41. However, for the lower intensity of 
2.4 X 10^^ W/cm^, the scenario is completely different, 
the core-excited state is populated for a wide range of vec¬ 
tor potential amplitudes, which explains the lack of an 
asymmetry. It is noteworthy to relate this phenomenon 
with previous studies of optical streaking of Auger elec¬ 
trons [24U261 [28] . In these previous works, it was ob¬ 
served that if the lifetime of the core- or inner-excited 
state is much shorter than half of the optical cycle, the 
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Auger electron was streaked (energy shifted and there¬ 
fore asymmetric) without showing the multipeak struc¬ 
ture. When the lifetime is close to or larger than the 
optical period, the sidebands appear. This effect was 
explained by the interference of the electron wavepacket 
emitted at different times separated by an optical period. 
Now, in our intense x-ray scenario, we can control the 
core-excited population using Rabi oscillation. The Rabi 
cycling essentially shortens the core-excited lifetime and 
partially recovers the optical streaking scenario in which 
an energy shift is expected and so the asymmetry. Hence, 
by controlling the core-excited state population with the 
high-intensity x rays, we can restrict the timing of Auger 
decay to time windows when the amplitude of the vector 
potential is maximum and establish optical streaking at 
different times separated by the Rabi cycling period. 

The time domain pictnre also explains the sensitivity 
of the asymmetries with respect to the carrier-envelope 
phase of the optical field. At 1500 nm. Fig. shows 
no asymmetry for a 1.5 fs time delay, and this is the 
scenario when the electron population is mainly in the 
core-excited state when the optical vector potential is 
almost zero, as shown in Fig. |^b). At further time 
delay of 2.5 fs, the excited state populations overlap the 
negative maxima of the vector potential, resulting in the 
maximum negative asymmetry. 

The fact that no interference effect is observed in the 
angle-integrated Auger electron spectrum can be under¬ 
stood by treating the light as photons. The Auger elec¬ 
tron states with different n correspond to a different num¬ 
ber of absorbed/emitted photons during the Auger decay 
and they then have different angular momentum. Hence, 
the interference between the sideband-peaks n and n+1 is 
analogous to the well-known scenario of the interferences 
of partial waves in atomic photoionization |44j . Partial 
waves are incoherently added when the total photoioniza¬ 
tion cross section is calculated, however when the angle- 
resolved cross section is calculated they are coherently 
added. 


IV. OBSERVATION OF THE ASYMMETRIES 

Although the main goal of this work is to unveil the 
origin and the main effects of the coherent multiphoton 
interferences described in the last section, we would like 
to provide in this section a discussion of some factors 
that may play an important role for the observation of 
the asymmetries in the Auger electron spectrum. The 
first aspect is the transverse intensity distribution of the 
X rays, because not all the atoms in the gas cell or beam 
will experience the same intensity and then not undergo 
the same Rabi oscillations either. This naturally affects 
the asymmetry, as shown in Fig. [^a). We observe that 
the asymmetry is strongly reduced for lower intensities, 
and can also change sign, as the broadening of the side¬ 
band peaks is narrower at lower intensities which reduces 
their overlaps. In this case, the contributions from the 


atoms interacting with the x rays at lower intensities may 
be too large to be able to measure any asymmetry at all. 
For example, we have considered an homogenous gas cell 
of Ne+ and a transverse Gaussian distribution for the x 
rays with a peak intensity of 1.4 x 10^® W/cm^, the same 
intensity used in Fig. [^b) (the width of the Gaussian dis¬ 
tribution is not relevant since the gas cell is much larger 
than the transverse size of the beam). When we calcu¬ 
late the average asymmetry accounting for the intensity 
distribution, we obtain A = 0.05 that is much smaller 
than the asymmetry A = 0.41 given by the atoms in the 
peak intensity region. In the averaging we have also con¬ 
sidered that at lower intensities less population from the 
ion ground state is transferred to the core-excited state. 
Therefore, in order to observe such asymmetries we need 
to prepare our gas target in a confined volnme which is 
mainly affected by a constant intensity. For example, in 
a gas cell of Ne we can send a first pulse to ionize it and 
prepare Ne+ only in the interacting area of the pulse that 
has the peak intensity. A similar scenario is considered 
in Refs. mm where the same x-ray pulse that induces 
the Rabi oscillations also produces the Ne+ gas target. 

The intensity averaging effects just described can be 
significant when reflective optics, such as Kirkpatrick- 
Baez mirrors, are used to achieve high peak intensities 
by focusing the x rays to small spot sizes with Gaussian 
transverse intensity distributions nnan]. However, op¬ 
tical laser beams have been shaped to flat-top intensity 
profiles using refractive and diffractive optics and spatial 
modulators I15H17]. Similar methods can be developed 
for X rays to produce flat-top intensities that will preserve 
large Auger asymmetries in experiments. 

The wavelength of the optical field is another aspect 
that we need to take into account. As we discussed in 
the previous section, if the photon energy is large enough 
that there is no overlapping between the sideband-peaks, 
we do not observe any asymmetry in the electron spec¬ 
trum. As the optical photon energy decreases, the asym¬ 
metry clearly increases. However, if the photon energy is 
too small, so that there is overlapping not only between 
the direct neighbor peaks, our qualitative description us¬ 
ing Eq. 0 will obviously break down. The splitting of 
the twin-peaks induced by the strong x rays can be es¬ 
timated as the generalized Rabi frequency, and therefore 
we can estimate that our analysis breaks down for pho¬ 
ton energies below half that frequency, in our case below 
0.018 a.u. (i.e. optical wavelengths longer than approxi¬ 
mately 2500 nm). Naturally, if the optical wavelength is 
too long, we start to enter the optical streaking regime, 
where we observe an asymmetry even with low intensity 
x rays. 

Finally we would like to comment on the dependence 
of the asymmetry on the emission angle. In Fig. we 
only show the Auger electron spectrum measured at the 
angle 9 — 0. At other angles, the envelope of the side¬ 
bands, the so-called gross structure [MIES], is different, 
and in particular for d = 7r/2 (perpendicular to the po¬ 
larization of the optical field), the sidebands vanish. The 


6 



FIG. 5. (Color online) Asymmetry parameter with respect to 
the intensity of the x rays. We used the same parameters as 
in Fig. [^and only changed the peak intensity of the x rays. 


asymmetry remains approximately constant from 0 = 0 
to 0 = •7r/2, and it rapidly decreases to zero near 6* = 7r/2 
when the sidebands vanish. After 0 = 7r/2, in the south 
hemisphere, the asymmetry is approximately the same 
as in the north hemisphere but with a change of sign, as 
the optical streaking acts now in the opposite direction. 
This behavior can be qualitatively explained using Fig. 
I^b). The projection of the vector potential at different 
angles changes, however only its amplitude is modified, 
and the dynamics of the core-excited state population 
with respect to the vector potential is the same, giving 
rise to the same asymmetry. Hence, an angle-averaged 
measurement over a large angular range still presents the 
same asymmetry and allows the possibility of single shot 
measurements at fixed delay between the two pulses. 


V. CONCLUSIONS 

In conclusion, we have analyzed resonant Auger pro¬ 
cesses under intense x rays and a strong optical field. We 
focus on the resonant transition 2p^ <->■ ls~^2p^ in Ne'*' 
decaying into the final ion 2s“^(^S). The optical field is 
strong enough to induce sidebands; a multipeak struc¬ 
ture in which every sideband-peak is separated by an 
optical photon energy. If the x rays are intense enough, 
the sideband-peaks can be broadened and obtain a sig¬ 
nificant overlap between them. The overlap produces co¬ 
herent interferences that originate from different multi¬ 
photon quantum paths taken by the Auger electron. We 
have shown that the interferences give rise to a clear sig¬ 
nature: an asymmetry with respect to the energy and 
angle of Auger electron emission. Moreover, the interfer¬ 
ences are very sensitive to the carrier-envelope phase of 
the optical field, i.e. the time-delay between the x-ray 
Gaussian pulse and the optical field. The intrinsic coher¬ 
ence of such interferences make them very sensitive to 
the x-ray and optical parameters, hence we believe that 
they can be exploited to develop alternative metrology 
tools for seeded pulses in FELs. 
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Appendix A: Ne^ model 

The main dynamics in Ne"*" is between the ground state 
(|0)) and the core-excited state ls~^2p^ (|1))) whose en¬ 
ergies are obtained from experiments as Eg = 0 eV and 
El = 848 eV [ 3 ]. The x rays couple the ion ground state 
with the ls“^2p® state. The associated dipole moment 
is given by pio = (l|r ■ ea;|0), where r is the one-electron 
position operator and is the polarization direction of 
the X rays. We obtain pio = 0.0573 a.u. by means of ab 
initio calculations [48]. 

We account for the x-ray photoionization and Auger 
decay rates in first-order of perturbation theory. Hence, 
the decay rate Ffc of the k state depends on the non- 
radiative and radiative decay processes Fi^ as well as of 
the x-ray photoionization akJxit), i.e. 

Tfc =ris(l — 5ofc)-|-(Tfc J2,(t) (Al) 

(for fc = 0 we do not have decay processes Fi^), where 
Fi^j is the natural linewidth of Ne+ (ls~^) (experimen¬ 
tal value ris = 0.27 eV, see references |371I33)) Jx(t) is 
the instantaneous x-ray flux ga EO], and tTfe is the x- 
ray photoionization cross-section (cto = 2.56 x cm^ 

and (71 = 3.47 x 10“^° cm^, obtained using m and [52]). 
The intensity of the optical field is enough to dress the 
continuum but does not ionize the system. 

The core-excited state may decay into a continuum 
state |va,*), where i represents the state of the final ion 
left after the decay with an Auger electron whose veloc¬ 
ity is Va. Its energy is Ei{va) = ^rl/2 + Ef , where vl/2 
is the Auger electron kinetic energy and Ei^ is the final 
ion energy. Under the strong-field approximation (SFA), 
we account for the continuum-continuum transitions re¬ 
sponsible for sidebands, see more details in Ref. |3T]. 

The core-excited state has a large number of de¬ 
cay channels (i.e. different final ion states |*)) [551 HOI 155] . 
Here we only consider the channel via Auger decay in 
which the final ion state is 2s“^(^iS'), whose energy is 
E^ = 100.32 eV [^. This decay channel is analyzed be¬ 
cause the main Auger peak is well separated in the spec¬ 
trum from the other peaks. Therefore, even under the 
presence of the optical field, we can distinguish the side¬ 
bands from this channel from the other channels. The 
partial width is obtained from the experiment of Ref. 
go] and is given by F-^^ = 0.016 eV . The core-excited 
state ls~^2p^ is not aligned, so the angular distribution 
is isotropic, i.e. = 0 gTlIT^ . 
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We have not considered any effects of the optical field 
after Auger decay, such as Stark shift or ionization of 
the final ions, which are expected to be small. There are 
no resonant couplings between the considered final ion 
states, because they are out of resonance with the opti¬ 
cal photon energy. We note that these final ion states are 
metastable and they present narrow linewidths in con¬ 
trast to core-excited states. 


Appendix B: x rays and optical field 

In all the numerical calculations, we use a Gaussian- 
envelope pulse for the x rays with electric field 

£x{t) = eoxexp[-{t-tm)'^/2<T'^]sm[u}x{t-tjn)] ,(B1) 

where Eqx is the maximum amplitude of the electric field, 
tm is a given time when the electric field is maximum, 
is the variance, and ujx is the photon energy of the x rays. 
We use tJ = 2 fs, and this defines a bandwidth of 0.33 eV, 
which is larger than the natural linewidth of the consid¬ 
ered core-excited state. The small variance was chosen in 
order to induce Rabi oscillations before the characteristic 
time decay of the core-excited state. The photon energy 
is uJx = 848 eV, resonant with the ion ground state and 
the core-excited state transition. 

We model the electric field of the optical laser as 

£Lit) = fit)eoL cos[uJLt + (/?] , (B2) 

where f{t) is the field envelope function, Eql is the max¬ 
imum amplitude of the electric field, tp is a phase that 
defines the continuous wave with respect to the arrival 
of the X rays, and ujl is the photon energy of the opti¬ 
cal field. In order to ensure that both the electric field 
and the vector potential are zero at the beginning of each 
simulation, our field envelope function has a trapezoidal 
shape with 3-cycle turn-on, 3-cycle turn-off and 10-cycle 
plateau. We use a rather strong optical field with in¬ 
tensity 10^^ W/cm^. Both X rays and optical field are 
linearly-polarized, and we use e^, and to denote the 
polarization direction of the x-ray and optical laser pulse, 
respectively. For our calculations, significant temporal 
overlap between the x-ray and the optical laser pulse 
takes place only during the plateau region of the opti¬ 
cal pulse. The Auger electron spectrum is calculated at 
the end of the optical field. 


Appendix C: Analytical solution 


The differential equation for the amplitudes of the con¬ 
tinuum in Eq. Q can be expressed in the integral form 
as: 


Jto 

(Cl) 


where 


< = =Xa-A{t) 

{<+Mnf 


E. 


'v^+A(t") 


E+ 


is a time-dependent streaked velocity that depends on 
the vector potential of the optical field. Note that when 
the optical field vanishes, both velocities are the same. 


i.e. 

as 


V' = v„. 


By using Eq. ([^, we can recast Eq. (Cl) 





P2{cos 9) 


X / dt'ai{t')e 

'to 


—i J ^ dt' 


E., 


,+A(t") 


(C2) 


From equation (C2) one can see that the excitation of 
the continuum depends on the core-excited amplitude 
dynamics as well as the optical field that changes the 
time-dependent phase in the integral. We can further 
simplify Eq. (C2) by ass umin g that the optical field is a 
continuous wave as Eq. (B2) and neglecting the square 


terms of the vector potential with respect to the linear 
terms, we obtain 






V(47r|va|) V 27r 


^-^J1 + PI^^P^{cos9) 
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WL 


P , , i(^+E+-Ei+nujAt' 

dt'ci{t')e\ J, 

Jto 


(C3) 


where 


ai(t) = ci{t)e 
Eql = WlAq . 


From Eq. (C3) we can understand the multipeak struc¬ 


ture of the sidebands. The integral (C3) is like a Fourier 


transform of the core-excited amplitude dynamics. The 
Fourier structure given by the integral is repeated in the 
Auger electron energy at every optical frequency, due to 
the term Now, these repeated peaks are modi¬ 

fied by the envelope caused by the Bessel function J„. 
If the Fourier transform of the integral forms a local¬ 
ized energy function that does not overlap the sideband 
peaks and v(j^/2 ujl, we obtain a symmetric multi¬ 
peak structure with respect to n = 0 due to the relation 
J-n{x) = (-l)"J„(a:). 

If the X rays are also a continuous wave, we can find an 
analytical solution for the core-excited amplitude [55] : 

where the Rabi frequency is defined as Q.x = ^JtwE^)x and 
the generalized Rabi frequency as flio = — (Ti/2Y. 

If we have a square pulse from t = 0 to t = tf, the integral 
in Eq. (C31 can be performed: 
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(C5) 


(C6) 


The solution of Eq. (C4) provides an insight to the 
Auger electron spectrum. We can start by analyzing 
the limit when the time duration of the square pulse 
is long compared with the lifetime of the core-excited 
state (tf l/Ei). In that case only the second term of 
In'^ (C5) survives. When the intensity of the x rays is 
large enough (flio ^ Ti), that term can be interpreted 
as two Lorentzian functions centered at electron energies 
satisfying a„±r2io/2 = 0, with broadening ri/2. There¬ 
fore, as the intensity increases, the separation between 
the two Lorentzian peaks increases. This effect is rem¬ 
iniscent of the Antler-Townes splitting. The first term 
of In\ which is related to the finite time-length of the 
pulse, has the same denominator than the second term 
of In\ giving rise thus to a two-Lore ntzia n-like profile. 


(2) j k 

On the other hand, the term in ft (C61 is related to 


the finite duration of the pulse, but at variance with the 
first term in the denominator gives rise to only one 
Lorentzian function centered at the electron energy sat¬ 
isfying an = 0, with broadening Ti. The numerators of 
the first term of In^ and the term of account for the 


effects due to the finite time-length of the pulse, which 
are important for describing the Auger electron spectrum 
induced by Rabi cycling [5]. 


The integral (C4) allows us to describe qualitatively 


the interferences between peaks of different n. Introduc¬ 
ing Eq. (C4) into Eq. (C3), one can see that if the 


X rays are intense enough and the optical frequency is 
small enough, there is a strong interference between the 
functions 


ft ft 


WL 


.•n+1 




imp T 






n+1 


(C7) 


These interferences are very complex, in particular if one 
accounts for the finite time-len gth e ffects. However, there 
is a particular feature of Eq. (C7) that is quite remark¬ 


able and it is the main result exploited in this work. We 


see that the expression in Eq. (C71 depends strongly on 
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